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Abstract 
Friction dampers are one type of energy dissipation devices that are able to forms an efficient seismic protection system for 
seismic structures. Nevertheless, traditional friction dampers can only be designed under a target earthquake of a given intensity. 
Complied with the current design code, this target earthquake usually has an intensity of the return period of 475 years. 
Consequently, traditional friction dampers may function well under earthquakes with the intended design level, but may not be 
functional for earthquakes with lower intensities. This situation may pose a problem particularly for some functional facilities, 
which usually contain vibration-sensitive equipment that is vulnerable to earthquakes with moderate intensities. In order to 
satisfy the aforementioned multiple functional demands, this paper investigates the possible use of a novel multi-functional 
friction damper (MFD). Different from traditional friction dampers, the MFD has two-stage slip forces that can be activated in a 
moderate and a strong seismic level, respectively. The theory of the MFD and the formulation of a SDOF system with the MFD 
are both given in this paper. The results of the numerical simulation reveals that the MFD is able to reduce the structural 
responses under strong and moderate ground motions, simultaneously. In addition, the MFD is also more effective at reducing the 
structural responses under a moderate earthquake, as compared to the response result from a traditional friction damper. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
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Nomenclature 
m mass of the structure 
 cs   damping of the structure 
 ks stiffness of the structure 
)(tx  related to the ground displacement of the structure 
)(tw    seismic force 
)(tF  damping force 
> @kz  state vector 
A   system matrix 
B  arrangement matrix 
E    arrangement matrix 
> @kd  slip displacement 
> @keb  deformation of the bracing 
][1 kd   slip displacement of the first friction element 
][2 kd   slip displacement of the second friction element 
1. Introduction 
Traditionally, structural seismic designs adopts the concept of ductility design which allows structures to suffer 
partial damage without collapse under a strong earthquake. Although the building structure which adopts this design 
concept may not collapse, it will not be repairable or may lose its functionality after a major earthquake. As a result, 
the resilience of the structure cannot be retained. In view of this, the concept of “functional design” is included in 
seismic design. In addition, the technology of “seismic structural control” may also be incorporated into the design 
process.  
The notion of seismic structural control is to install control devices externally to a traditional structural system, in 
order to avert the seismic energy transmitted into the structure and to mitigate the vibration response exerted by the 
seismic forces. In recent years, many structural control devices, such as seismic isolators, energy dissipaters, semi-
active devices, have been developed [1-5]. Among them, friction dampers with passive nature, which do not require 
external control energy nor complicated maintenance effort, are one kind of widely used seismic energy dissipater. 
Friction dampers were first proposed by Pall et al. [6]. As compared to other types of dampers or dissipaters, the 
behavior of friction dampers is less affected by ambient temperature and vibration rate, therefore their performance 
and resistant force can be maintained at a constant level. In addition, their design procedure and maintenance is 
rather simple and straightforward. Therefore, they have been applied to many types of structures [7].  
Nevertheless, traditional friction dampers only allow a single earthquake design and are used to avoid structural 
collapse under a specific strong earthquake, which according to the current design code is the earthquake that has an 
intensity with a return period of 475 years. In other words, the traditional friction-type dissipaters may function well 
under earthquakes with the intended design level, but may not be activated or functional for earthquakes with lower 
intensities. Fig.1 shows, that the earthquake design results in an activation of the friction damper at around 0.35g.  
The damper will not be activated in most of the time duration of the earthquake and will behave like a bracing 
element which only provides structural stiffness without energy dissipation capacity to reduce structural acceleration 
response. This situation may pose a problem particularly for some functional facilities, such as hi-tech factories, 
hospital buildings, communication centers, etc, which usually contain vibration-sensitive equipment that is 
vulnerable to earthquakes with moderate intensities.  Therefore, extra seismic protection is needed for these facilities. 
For this reason, the aim of this research work is to develop a multi-functional friction damper (MFD) that has 
multiple stages of slip forces for different earthquake intensities. 
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Fig. 1. Activation of a traditional friction damper. 
2. Analytic model for a SDOF structure with the MFD 
When a structural system are installed with friction dampers, it becomes a highly nonlinear system due to the 
nonlinear nature of the friction mechanism, so the analysis may become complicated. To deal with this nonlinear 
problem, this paper adopts the Shear Balance Method [8] when solving the nonlinear dynamic responses of the 
structural system. Fig. 2 depicts the mathematic model of a single-story shear-building structure installed with a 
MFD damper. As shown in the figure, the MFD has two friction elements connected in series. Each friction element 
has a higher or lower slip load. 
The motion of equation for Fig. 2 can be expressed as 
)()()()()( tFtwtxktxctxm ss       (1) 
 
Fig. 2. Analytic model of a structure installed with a MFD. 
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where m, cs and ks are the mass, damping and stiffness coefficients of the structure. x(t) is related to the ground 
displacement of the structure, w(t) is the seismic force and F(t) is the damper force. The dynamic equation in Eq. (1) 
can be further reformulated into a discrete-time state space equation as following 
> @ > @ > @ > @kkkk EwBFAzz  1    (2) 
where a variable followed by [k] or [k +1] denotes that the variable is evaluated at the k-th or the (k +1)-th time step.  
In Eq. (2). z[k] is the state vector, A is system matrix, B and E are the arrangement matrices of the friction damper 
and the excitation [9]. In actual installation, a friction damper is connected to the structure with a bracing element, 
therefore the inter-story displacement of the structural system, e[k+1], at the (k+1)-th time steps can be expressed as 
> @ > @ > @111 b   kekdke    (3) 
where d[k]  and eb[k] are the slip displacement of the MFD and the bracing deformation, respectively. Through the 
system state z[k] and matrix of displacement positions between stories D, d[k+1] can be expressed as 
> @ > @ > @111 1b    kkkk FDzs    (4) 
As mentioned, the MFD consists of two friction elements, therefore its sliding displacement can be further 
written as  
> @ > @ > @111 21   kdkdkd    (5) 
Where d1[k-1] is the slip displacement of the first friction element (FE1) that will be activated in small to medium 
earthquakes, while d2[k-1] is the slip displacement of the second friction element (FE2) that is designated for the 
major design earthquake. The friction forces of the damper can be evaluated by the following equation 
> @ > @ > @ > @111  kkkkF ruz wGFGzG    (6) 
where ][kF  is called the assumed friction force computed by assuming that the damper is under its stick state, and 
the coefficients are defined in reference [9].  ][kF  may not be the actual damper force ][kF  , which cannot exceed 
the slip force of the FE2. The actual damper force will be determined by the condition of each friction element and 
the system state at the current time step. Due to limited space, detailed derivation cannot be elaborated in this paper. 
After the actual damper force of the MFD is determined, it is substituted in Eq. (2) to obtain the next-step response 
of the system. Computing step by step using Eq. (2), one is able to acquire the complete time-history response for 
the SDOF structure installed with the proposed MFD. 
 
3. Analytical result of an SDOF structural system with the MFD 
Just as stated above, the purpose of the MFD is to protect the structural safety under a strong earthquake and to 
protect the precision equipment under a moderate earthquake. A traditional friction damper (TFD) with a single 
activation mechanism can hardly satisfy these multiple demands. The proposed MFD has two activation 
mechanisms with different slip forces, therefore it can be designed to meet the above dual functional demands, 
simultaneously. In order to assess the control performance of the MFD, as compared to that of traditional friction 
dampers, in this study, the seismic response of a single-story shear-building structure equipped with the MFD is 
simulated in this subsection. The structural parameters of the single story are obtained from a full-scale steel frame 
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tested in the National Research Center for Earthquake Engineering (NCREE, Taiwan). The structure mass, 
frequency, and damping ratio of the steel frame are 1184.35kN/m, 1.0Hz, and 0.05, respectively. The two-stage slip 
forces for the first and second friction elements of the MFD are chosen to be 0.07mg and 0.12mg, respectively, 
where mg is the total structural weight. 
Excited by the El Centro earthquake with different PGA levels, the peak acceleration responses of the single-
story structure with the MFD are depicted in Fig. 3. In the figure, the two curves denoted by TFD1=0.03mg and 
TFD2=0.15mg represent the traditional friction dampers with a slip force of 0.03mg and 0.15mg, respectively. The 
numerical result of Fig.3 shows that although the structure with the TFD2 displays the greatest acceleration 
reduction rate under a strong earthquake (0.3g < PGA), it also results in a higher response than other dampers in a 
moderate earthquake (0.1g < PGA < 0.2g).  In a small earthquake (PGA < 0.1g), the TFD2 even leads to an 
amplification on the acceleration response, as compared to the response of the structure without any damper (bare 
frame). Conversely, the structure with TFD1 with the lower slip force exhibits better response reduction in a small to 
moderate earthquake, whereas it cannot effectively suppress the structural response under a strong earthquake (0.3g 
< PGA). On the other hand, the MFD has an equivalent acceleration reduction as that of TFD1 in a smaller 
earthquake, while an equivalent reduction as that of TFD2 in a stronger earthquake. This indicates that the MFD can 
effectively suppress the structural acceleration under different earthquake intensities. Fig. 4 depicts the hysteresis 
loop of the MFD under the El Centro earthquake of PGA=0.5g. In this Figure, it is evident that the MFD exhibits the 
frictional characteristics with the desired dual-stage slip forces. 
 
 
Fig. 3. Comparison of maximum structural accelerations for various dampers. 
 
 
Fig. 4.  Hysteresis loops of MFD (El_Centro. PGA=0.5g). 
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4. Conclusions 
In order to meet the multiple seismic performance demands for functional buildings under earthquakes of 
different intensities, the concept of using a novel friction damper called the multi-functional friction damper (MFD) 
is proposed and investigated numerically in this paper. The MFD consists of two passive friction elements that 
possess different slip loads and are connected in series. One friction element has the lower slip load and is designed 
such that it will be activated in a moderate earthquake, while the other friction element, which has higher slip load, 
will be activated only when the damper stroke and damper force exerted by a stronger earthquake exceed the 
prescribed design limits. Through this arrangement, an MFD is able to provide the primary structure two different 
damping capacities for earthquakes with different magnitudes. The numerical results have demonstrated that the 
MFD is able to reduce the structural peak responses under sever and moderate earthquakes, simultaneously. In 
contrast to the strong seismic motion experienced in the structure with a traditional friction damper, the MFD 
provides the structure with superior damping effect in the earthquakes of moderate magnitude. The traditional 
friction damper, which is designed for structural protection under strong earthquakes, acts like a bracing element and 
provides no damping capacity under moderate earthquakes. Consequently, the structural acceleration due to the 
traditional damper is not mitigated. This study concludes that due to its double activation mechanisms, the MFD is 
able to facilitate dual seismic performance design, i.e., to protect primary structural system in a strong earthquakes, 
and to protect interior equipment or non-structural components in a moderate earthquake. 
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